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EXPERIMENTALL CONSIDERATIONS 
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Abstract t 

Thiss chapter describes the results of the process of optimizing an automated 
universall testing machine by which reliable stress-strain data can be obtained 
onn the mechanical behavior of dental restorative materials during setting. The 
contentss will be of interest to those who are not familiar with mechanical 
testing,, or who are not aware of the pitfalls involved in the dynamic testing of 
smalll amounts of setting materials. The test system displays high versatility, and 
iss capable of performing various static and dynamic tests related to axial 
tensionn and compression. The deformation signal feedback loop permits the 
crossheadd to accurately perform sinusoidal deformations on the shrinking 
specimenn on a submicrometer level. The electronics used to process the 
signalss excludes the risk of electronically based phase shifts in stress-strain 
measurementt when submicrometer deformations are applied at frequencies < 
11 Hz. The use of a light sensor device proved capable of detecting the initiation 
andd duration of the light irradiation process for cure-on-demand materials. 
Preliminaryy experiments on commercially available chemically activated and 
light-activatedd resin composites indicate that the universal testing machine is 
highlyy useful for detailed static and dynamic studies of the mechanical behavior 
off dental restorative materials during setting. The sophisticated mechanical 
experimentss provide a sound basis for characterizing the mechanical properties 
off dental restorative behavior during setting by means of modeling. 



In t roduct io n n 

Appropriatee modeling of linear viscoelasticity of dental resin 
compositess during setting requires a good understanding of the 
mechanicall  properties of the materials involved. Experimental tests are 
necessaryy to find out the important characteristics of the composites, and 
hencee provide the data for the modeling investigation of linear 
viscoelasticc behavior of dental composites during setting. 

Inn the next section, several mechanical test methods for measuring the 
mechanicall  behavior of materials were screened for use as test method 
inn this research project. The choice of test method is made on 
requirementss that must be met by the method when dealing with 
shrinkingg dental resin composites. Various tests were performed on 
commerciallyy available dental resin composites to characterize the 
mechanicall  behavior of setting composites, and to make an inventory of 
thee possibilities and limitations of the chosen, and in this project further 
improved,, dynamical test system. Details of the equipment, experimental 
proceduress and materials are given in the remainder of this chapter. 
Unlesss stated otherwise, the mechanical tests referred to in other 
chapterss are performed as described in this chapter. 

Choicee mechan ical test me thod 

Differentt mechanical test methods and testing instruments for 
measuringg the mechanical behavior of materials have been standardized 
andd are described in the publications of the American Society for Testing 
andd Materials [1]. Besides the ASTM standard tests, also general 
referencee books have been published on testing polymers and 
viscoelasticc materials [2-4]. For selecting the test method for measuring 
thee mechanical behavior of dental resin composites during setting, it is 
necessaryy to make an inventory of requirements that must be met by the 
method. . 

Requirementss mechanical method 

Thee most important requirement of all is that the method must 
producee reliable experimental data of dental resin composites. To be 
genuinelyy useful, the method must generate data (i) with high 
acquisitionn rate to ensure proper characterization of the material 
propertiess by means of modeling, (ii ) without the influence of the 
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instruments,, electronics, and software as used in the method, (iii ) which 
iss representative for the whole material under study rather than on one 
(weak)) part of the material, and (iv) without damaging the internal 
structuree and/or affecting the setting process of the material. 

Ass our investigation is focused on dental resin composites, the test 
methodd must be suitable for chemically activated as well as light-
activatedd composites. This means that the method has to deal with 
materiall  size close to clinical amount in which the structure changes from 
softt to hard in a short period in time. In the case of light-activated 
composites,, the instrument must be accessible for positioning a dental 
lightt source nearby the specimen. 

Itt must be possible to apply deformations in the submicrometer range. In 
thiss case, the straining of the material is within the range of linear 
viscoelasticityy (<0.5 %). As a result, the mechanical behavior of dental 
resinn composite can be modeled with simple linear viscoelastic models, 
consistingg of springs and dashpots. The choice for applying deformation 
insteadd of load was based on the findings that it was difficult to control 
thee applied load on a shrinking composite wherein the structure changes 
rapidlyy from soft to hard. Deformation applied as a continuous known 
functionn in time (e.g., sine shape) is preferred, because this would 
greatlyy reduce the computational effort as the model equations could be 
solvedd analytically to yield the stress as a function of the unknown 
materiall  parameters and strain (appendix A). 

Itt is important that straining and stressing of the setting material is 
homogeneouss and that the distribution of both variables is well defined. 
Further,, to reveal as much as information about the material behavior 
underr shrinkage strain rate conditions, the test method must be feasible 
withh many specially designed test procedures (requires sophisticated 
softwaree and flexible instrumentation). Our main interest is focused 
onn monitoring the mechanical behavior under shrinkage strain rate 
conditions.. This means that the test method must be able to apply 
deformationss in the low frequency range of 0.001-1.0 Hz. 

Att last but not at least, some form of temperature control must be used, 
becausee changes in temperature does not only affects the setting process, 
andd as a result the viscoelastic properties, but also produce expansion or 
shrinkagee of the materials, resulting in thermal strains and stresses. In 
addition,, some water control is also desired, because dental restorative 
materialss in functioning are exposed to saliva. In the next section, 
severall  mechanical test methods wil l be screened and the choice of test 
methodd is made on requirements as stated above. 



Mechanicall  test methods 
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Inn general, mechanical test methods for measuring mechanical 
behaviorr can be divided in two groups: static and dynamic test methods. 
Inn static test methods the material can be (i) forced a given amount and 
thee change in length of the specimen in time is measured, (ii ) deformed 
aa given amount and the change in force of the specimen in time is 
measured,, or (iii ) deformed at a constant rate and the buildup of force is 
measured.. Since we are dealing with setting restorative materials in 
whichh the structure changes with time, tests under (i) load control or (ii) 
deformationn control reveal the axial shrinkage strain or stress 
developmentt with time [5-9]. Dynamic test methods measure the 
responsee of a material to pulse or oscillatory sinusoidal cycling. The 
dynamicc behavior of setting resin composites is of interest since it 
providess us additional information, especially in the remainder of the 
settingg process, were the shrinkage strain rate is slow. 

Experimenta ll  method s 

Ultrasoni cc method s Dynami c (wave) method s Stati cc  method s 
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Figur ee 3.1 Summary of experimental methods in time and frequency domains [3]. 
Thee gray area represents the frequency region of interest for this research 
project. . 

Theree are many types of dynamic instruments, each limited for a certain 
frequencyy range, but together capable of covering the range from a 
smalll  fraction of a load cycle per second up to millions of load cycles per 
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secondd (Fig. 3.1). The general type of dynamic instruments are nonres-
onantt vibration (torsion pendulum, rheometer, servo(hydraulic) 
controlledd universal testing machine), resonance vibration (pulse 
inducedd vibrometer), and wave (ultrasonic) instruments. The 
instrumentss measure either shear, tensile, bending, torsion, or biaxial. 
Thee instruments are described in detail in literature [1-4]. 

Ourr interest is focused on monitoring the mechanical behavior under 
shrinkagee strain rate conditions. Therefore, ultrasonic methods [10-12] 
andd resonant vibration methods [13-16], which are used to determine the 
materiall  response in the high-frequency range (Fig. 3.1), are not of 
interest. . 

Thee torsion pendulum method performs oscillations in the low (0.1-
1200 Hz) frequency range [17-20]. However, the disadvantage of this 
methodd is that the materials under study must have been set to a 
sufficientt degree of hardness in order to remain the specimen shape. In 
addition,, a large amount of material is necessary, and it is complicated 
(orr even impossible) to measure the torsion deformation on the material. 

Twoo instruments are candidates for monitoring the polymerization 
reactionn of resin composites in the subresonant vibration range, namely 
thee rheometer (shear) and the universal testing machine (compression, 
tension,, and torsion). The oscillating rheometer according to Wilson 
[21]]  is the most popular device in dental research for monitoring the 
rheologicall  properties of chemically activated [22] and light-activated 
[23]]  dental restorative materials. The lack of possibility to control the 
appliedd oscillatory deformation to the material results in a decrease of 
thee amplitude of the oscillating response when the stiffness of the mate-
riall  increases. As a consequence, the instrument can only monitors the 
earlyy stage of setting. Since we want to monitor the mechanical behavior 
throughoutt the setting process, this oscillating rheometer according to 
Wilsonn is not suitable for our research project. 

Nowadayss commercially rheometers (Rheometric, Triton, Bohlin, 
HAAKE)) and universal testing machines (Zwick, Instron, Hounsfield) 
havee become available to perform controlled stress and strain tests on 
materials.. Traditionally, the rheometer and the universal testing machine 
aree designed especially for large amount of material, respectively 
liquids,, suspensions, pastes ([24-26]) and solids ([27]), for which the 
structuree do not or slowly (physical ageing) change with time [28]. 
Bothh instruments are capable of performing a wide range of static and 
dynamicc tests. 



Twoo aspects of the universal testing machine were decisive for the 
choicee for using this testing method in this research project. First, the 
universall  testing machine can measure the shrinkage load development 
off  setting composite in the longitudinal direction, while this material 
behaviorr cannot be determined by a rheometer (transverse direction). 
Second,, the study of Feilzer and co-workers showed that with proper 
adjustmentss on a commercial universal testing machine it was possible 
too measure the mechanical behavior of setting dental restorative on a 
submicrometerr level [7]. 

§§ For generating reliable data, certain aspects of a commercial testing 
"55 machine have been improved. With the knowledge gained in this 
,gg modification process a second automated testing machine was developed 
'3>> and produced at the Department of Dental Materials of ACTA. Both 
oo testing machines were capable of performing various tests on dental 
-- restorative materials during setting. 
c c 
gg Several tests were carried out on a control (steel) specimen, and 
gg commercially available dental restorative composites for the purpose to 
g-- evaluate the limitations of the testing machine in generating stress-

strainn data on dental restorative materials during setting. Since both 
-—— testing machines were capable of generating data on the same level of 
"  accuracy, the limitations found for the modified commercial testing 

machinee is also valid for the home-build testing machine. 

CD D Testt  equipment and facilities 

Universall  testing machines 

Thee experiments were conducted on two automated servo-controlled 
testingg machines: a commercial Hounsfield (Fig. 3.2) and a home-build 
ACTAIntensee (Fig. 3.3). To enable the recording of periodically applied 
deformationn cycles on a micrometer level, the gearbox of the commercial 
testingg machine was modified to eliminate the play when the motion 
directionn of the cross head was reversed. At the same time, the maximum 
crosss head speed was reduced to 40 mm/min. The maximum cross head 
speedd of the ACTAIntense was 200 mm/min. The minimum cross head 
speedd cannot be strictly specified, as it is regulated by the settings in the 
applicationn software. Both machines were equipped with a load cell of 
10000 N and connected, via a data-acquisition console, to a desktop 
computer.. The load cell was regularly checked with standard weights 
andd calibrated if applicable. 
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Figur ee 3.2 Test system: (a) modified universal testing machine (H10KM, 
Hounsfield),, (b) data-acquisition console (20-90, Intrumat), (c) extensometer 
(Millitronn 1202D, Mahr), (d) Pentium Pro computer (Intel/200 MHz), and (e) 
specimenn mounting device with two LVDT transducers (1300, 0 mm, Mahr). 

Applicationn software for Windows® 95/98 was developed for controlling 
andd monitoring the experiment and collecting the data (time, load, 
deformation,, temperature, and light irradiation signal). Throughout 
thiss investigation, the chemically activated resin composites were 
measuredd solely on the modified Hounsfield machine and the light-
activatedd composite solely on the ACTAIntense. This strict distinction 
wass a consequence of the course of time within this research project, 
weree the study on light-activated composites coincided with the 
productionn of the ACTAIntense testing system. 

Specimenn mounting device 

Inn the experiments, two specimen mounting devices were used: one 
forr chemically activated materials (Fig. 3.2), and one for light-activated 
materialss (Fig. 3.3). The device for the chemically activated materials was 
basedd on the same principle as described by Alster et al. [29]. The upper 
steell  disk was connected to the cross head and the lower steel disk to the 
stationaryy part of the framework. 



Figur ee 3.3 Test system: (a) home-build universal testing machine 
(ACTAIntense,, ACTA), (b) data-acquisition console (20-90, Instrumat), (c) 
extensometerr (on photo: (Millitron 1202D, Mahr); used: CAH dual channel 
card,, Dimed), (d) Pentium II computer (Intel/366 MHz), and (e) specimen 
mountingg device with two LVDT transducers (Solartron AX/1, -2.0 mm, Dimed). 
Seee also titelpage photo for specimen mounting device. 

Inn the mounting device for light-activated materials, the lower steel 
diskk was replaced by a glass plate, thereby creating a light activation 
methodd which simulates the clinical situation as close as possible. The 
glasss plate was mounted on a steel tube, which was screwed in the 
metall  basement attached to the stationary part of the framework. The 
metall  basement provides enough space for various types of dental light 
sources. . 

Byy using these special designed mounting devices two requirements 
weree met for performing reliable measurements on small amount of 
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materials.. First, the applied submicron deformation was measured 
directlyy at the level of the specimen by two LVDT1 transducers. In this 
situation,, the compliance of the testing machine (bars, joints, load cell), 
whichh can introduce errors in the situation were the deformation of 
thee specimen is measured by the displacement of the motor, was circum-
vented. . 
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Figur ee 3.4 Dental restorative material bonded in specimen mounting device. 

Second,, the axial deformation was applied on cylindrical shaped 
specimen,, thereby generating uniform tension or compression load in the 
specimen.. With the bonding procedure, the normal load in the 
cylindricall  specimen is distributed uniformly over the ends of the 
specimenn and as a result, the load pattern at the end wil l be the same as 
everywheree in the specimen (Fig. 3.4). Deformation in the bonding 
layers,, which was spread out in a thin layer, was assumed to be 
neglectablee small. 

Thee signals of the two transducers were averaged, thereby reducing 
thee noise in the deformation data and cancelling tilting effects. This 
averagedd signal was fed back into a control loop, embedded in the 
applicationn software, for fine-tuning the motor-driven cross head 
movementt on the specimen (Fig. 3.5). To avoid the risk of bending 
underr compression, the length/diameter ratio of the cylindrical 

'Linearr Variable Differential Transformers [31 
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specimenn was chosen to be within the range of 0.15-1.0 [30]. 
Unfortunately,, it was not possible to implement a device in the specimen 
mountingg device for monitoring the lateral deformation (perpendic-
ularr to the direction of the applied deformation) of the specimen. As a 
result,, no Poisson's2 ratio v(t) could be determined. 
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Figur ee 3.5 Feedback loop for fine-tuning the cross head movement on setting 
restorativee material . 

Spec imenn preparat io n and bond ing procedure 

Chemicallyy activated resin composites 

Thee freshly mixed resin composite (1:1 w/w) was inserted into a 
cylindrical,, lightly greased, and deformable paper matrix that was 
placedd around two parallel opposing steel disks (Fig. 3.4). To ensure 
optimall  bonding between the resin composite and the disks, the bonding 
surfacee of the steel disks was wet ground smoothly with sandpaper 
gritt 600, sandblasted with aluminum oxide (Korox, 50 jim, Bego) for 
approximatelyy 2 minutes under 5 bar air pressure, rinsed with acetone, 
2v(t)) = -lateral strain(t)/axial strain(t) [30] 
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dried,, and silanized with the Silicoater technique (Kulzer), introduced 
byy Tiller and Musil [31-32]. The technique consists of fusing a thin, 
silicatee layer (SiOx-C) on the surface of the alloy [33]. After that, a silane 
couplingg agent is spread on the silicate layer, which provides the 
chemicall  bonding to dimethacrylates composites. Contrary to the 
manufacturer'ss recommendations, neither the Silicoater Opaquer nor any 
otherr bonding resin was used to protect the silanized surface from 
hydration.. To avoid impairment of the adhesion, the resin composite was 
placedd between the opposing steel disks within 30 minutes [31]. 

Thee disks had a diameter (d) of 5.4 mm and were separated by a distance 
(h)) of 5.0 mm, creating a bulk restoration with a C-factor of 0.5 (=d/2h). 
Priorr to the start of the experiment the upper steel disk was moved 
downn until it reached the pre-adjusted height of the specimen. The 
startt of the experiments always took place within the working time of the 
chemicallyy activated materials. 

Light-activatedd resin composites 

Thee light-activated resin composite was inserted into a cylindrical, 
lightlyy greased, Teflon mold that was placed on the glass plate (Fig. 3.4). 
Too ensure optimal bonding between the composite and the glass plate 
(floatt glass, Bakker), the glass surface was gently sandblasted with 
aluminumm oxide (Korox, 50 /*m, Bego) for approximately 20 seconds 
underr 4 bar air pressure, rinsed with acetone, dried, primed (RelyX 
ceramicc primer, 3M), and finally coated with a pressurized air spread 
adhesivee layer (Scotchbond Multi-purpose, 3M), which was light-cured 
forr 40 seconds (Elipar Highlight, standard mode, ESPE). The bonding 
surfacee (d=3.1 mm) of the steel disk was prepared as described in the 
previouss section. The Teflon mold had a diameter (d) of 3.1 mm and 
heightt (h) of 1.6 mm, creating a layer restoration with a C-factor of 1.0 
(=d/2h).. The composite layer thickness was thin enough to ensure 
properr light activation [34], and thick enough to exclude the effect of 
compliancee of the specimen mounting device [35]. 

Material s s 

Thee materials used in this investigation were two commercially 
availablee chemically activated resin composites (Clearfil F2, batch CU-
02355 & CC-0135, Kuraray and Silar, batch: A-4KE1 & B-4KH1, 3M) and 
twoo commercially available light-activated resin composites (Z100 MP 
A3,, LOT: 19981009, 3M and Silux Plus, LOT: 19981015, 3M). A steel 



specimenn (Fig. 3.6) served as a control. The chemically activated 
compositess were handled and mixed (1:1 w /w) according to the 
manufacturer'ss instructions, while the light-activated composites were 
polymerizedd for 40 seconds with a light curing unit (Elipar Highlight, 
standardd mode, ESPE) at a distance of 4 mm. The intensity at the light 
exitt tip (0=8.95 cm) was 600 mW/cm2 (hand-held radiometer, model 100, 
Demetron). . 
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Figuree 3.6 Steel specimen. 

Testingg and measurement 

Differentt static and dynamic tests were performed to evaluate the 
limitationss of the testing systems, and to check if the system satisfies the 
requirementss that must be met for generating data of the mechanical 
behaviorr of dental restorative materials during setting. The choice for 
applyingg deformation cycles instead of load cycles was based on the 
findingss that it was difficul t to control the load cycles on a material 
whereinn the stiffness changes rapidly from soft to hard. The applied 
deformationss were kept small (1.0-2.0 ^m) in order to generate stresses 
thatt can be studied with linear viscoelastic models [36]. 

Staticc test: axial shrinkage stress development 

Inn this static test, axial shrinkage of the specimen was prevented by 
thee cross head in keeping the original height of the specimen constant. 
Thiss process was controlled by the displacement signal of the LVDT 
transducers,, which drove the cross head back to the original specimen 
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heightt as soon as axial shrinkage was registrated. Under this constraint 
condition,, the increase in material stiffness wil l lead to the development 
off  shr inkage forces in the specimen, which was moni tored by the load 
cell.. The normal stress (o) was calculated using the following equation: 

F F 
00 = - (3.1) 

A A 
inn which A is the cross-sectional area of the cylindrical specimen (m2), 
andd F the recorded load response of the specimen (N). 

Sincee stress data plays a crucial role in the choice of the model and 
calculationn of its material parameters (Fig. 4.3), the reproducibil ity of the 
stresss data must be analyzed. Therefore, repeated exper iments on one 
chemicallyy activated composite and one light-activated composite were 
performedd at constant specimen height; i.e., keeping the deformation 
signall  at 1 ^m. 

Afterr insert ion of the freshly mixed Silar (1:1 w / w ) into a cylindrical 
paperr (d=3.1 mm), the disk-to-disk distance (h) was set at a pre-adjusted 
valuee of 5 mm (C=1.0), and the experiment on the Hounsfield 
machinee was started. For the same purpose, Silux Plus was inserted 
intoo a Teflon mold (d=3.1 mm), the disk-to-glass distance (h) was set at 
aa pre-adjusted value of 5 mm (C=1.0), and the experiment on the 
ACTAIntensee was started 5 s prior the light irradiation process. The light 
i r radiat ionn process wi th durat ion of 40 s was measured with a home-
buildd light sensor device at the level of the specimen. With the cross head 
speedd set at 0.025 m m / m i n, and the extensometer set at the lowest 
deformationn range of 20 ^m, the original specimen height could be kept 
constantt within 1 ^m. The data were collected simultaneously by the 
computerr (software vers ion 3.14) at a rate of 18 points per second. 

1000 0 20000 3000 
Timee (s) 

4000 0 

Siluxx Plus 

200 40 60 
Timee (s) 

Figur ee 3.7 Repeated shrinkage stress curves (n=3) for Silar (C=1) and Silux 
Pluss (C=1). For clarity, the results of the light-activated composite are shown at 
twoo different time-scales. 



Thee experiments (n=3) were performed at room temperature 1 °C). 

Thee position of the light sensor appeared adequate for detecting 
accuratelyy the start and duration of the light irradiation process. Hereby, 
thee experimenter could assign stress-strain data correctly to the setting 
timee of light-activated composites. 

AA requirement for measuring load with a mechanical transducer is that 
thee internal structure of the restorative material has achieved enough 
strengthh to overcome the elastic resistance of the load cell. Under the 
experimentall  conditions (temperature, specimen geometry, load cell 
capacity)) the chemically activated Silar stays 4 minutes in the pre-gel 
phase,, in which the viscous flow behavior predominates over the elastic 
behavior,, while the analogous light-activated Silux Plus (Fig. 3.7) stays 
onlyy 2 seconds in this favorable stress-free stage of setting. The longer 
pre-gell  phase of Silar is a result of the slower polymerization reaction 
ratee of the material [36]. The slow shrinkage stress development of Silar 
iss clinically favorable, because the integrity of the composite-tooth 
interfacee is slowly challenged during the early phase of polymerization, 
whenn the bond between the tooth tissue and the composite is still 
maturing.. Since the attained stress values were lower or just reached into 
thee range of reported tensile bond strengths of dentin bonding agents 
[37],, the early maturing dentin-bond composite interface wil l survive the 
shrinkagee stresses, which enhanced the chance on a tight sealed 
restoration. . 

Severall  operation stages in the experiment method (specimen 
preparation,, temperature, data-acquisition) are subjects to errors, which 
togetherr determine data reproducibility. The large difference between 
thee reproducibility of the Silar stress curves (standard error 5-7 %) and 
Siluxx Plus stress curves (standard error <3 %) can mainly be attributed 
too the specimen preparation. Specimens of Silux Plus were more constant 
inn homogeneity and composition, because they were prepared directly 
fromm a batch as received from the manufacturer. Specimens of chemically 
activatedd composites were prepared by hand-mixing two pastes (1:1 
w// w) within 40 seconds. With this preparation method it is difficult, and 
probablyy impossible, to achieve specimens with a constant level of 
homogeneityy and composition. 

Att the start of the experiment, both type of specimens were free of 
internall  stresses, because the composites were inserted with the aid of a 
wide-diameterr syringe tip. In the further course of this investigation, all 
typess of composites were measured three times, because the standard 
errorr was below 10 %, which was set as maximum tolerance. Data from 
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ann experiment coinciding best with the average response were used 
forr further analysis and modeling. 

Staticc test: axial shrinkage strain development 

Inn this static test, the cross head movement towards the shrinking 
specimenn prevented axial shrinkage stress development in the 
specimen.. This process was controlled by the load cell signal, which 
drovee the cross head towards the specimen as soon as a load signal 
wass monitored. Under this condition, the axial displacement was 
monitoredd by the LVDT transducers and should be related to the axial 
shrinkagee of the specimen in the mounting device. The axial strain 
(eaxiai)iss defined as: 

weree AL is the displacement recorded by the LVDT transducers and L0 

thee height of the specimen before setting. 

Thee axial shrinkage strain of dental composites, bonded to the two 
opposingg rigid surfaces could also be derived indirectly by the free 
volumetricc shrinkage strain, as measured with mercury dilatometry, 
withh the following relation found by Feilzer et al. [38]: 

Tabl ee 3.1 Relation between axial shrinkage strain (eaxia|) and volumetric 
shrinkagee strain (eVOi) for dental resin composites bonded at different 
configurationn (C-factor) geometry [38]. 

C-factor r 

Eaxlal l 

0.5 5 

0.36evol l 

1.0 0 

0.455 Evol 

2.0 0 

O.SOEVOI I 

2.5 5 

Q.65£VOi i 

3.0 0 

0.75ev0( ( 

5.0 0 

0.855 Eyol 

Thee axial shrinkage strain of the specimen in the mounting device is of 
interest,, because in dynamic tests, wherein the cross head cycles up 
andd down around the original specimen height, the strain caused by axial 
shrinkagee must be taken into account when the stress data (Fig. 5.2) is 
usedd in the modeling procedure (Fig. 4.3). In this study, the cross head 
displacementt due to axial shrinkage of a chemically activated composites 
wass measured on the modified Hounsfield testing machine, and the 
resultss were evaluated with the results obtained with mercury 
dilatometry. . 
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AA series of zero load tests at different cross head speeds were performed 
withh Clearfil F2 to determine the axial shrinkage deformation of this 
chemicallyy activated resin composite bonded between two opposing 
steell  disks. After insertion of freshly mixed Clearfil F2 into the paper 
matrixx (d=5.4 mm), the disk-to-disk distance (h) was set at a pre-adjusted 
valuee of 5.0 mm (C=0.5) and the experiment on the testing machine 
wass started. During the experiment, the cross head continuously 
followed,, at five different speeds (8, 16, 40, 80, and 400 fim/min), the 
axiall  displacement of the specimen, i.e., kept the load signal at zero. The 
dataa were collected simultaneously by the computer (software version 
2.80)) at a rate of 2 points per second. Al l experiments (n=l) were 
performedd at room temperature 1 °C). The extensometer was set at 
thee deformation range of 200 jiva. One hour after the start of the 
experiment,, the restorative material was subjected to tensile loading with 
aa cross head speed of 160 ^m/min until fracture. 
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Volumetricc shrinkage strain measurements on Clearfil F2 (n=3) were 
performedd with a mercury dilatometer at 1 °C, using the procedure 
describedd by De Gee et al. [39]. The bonded axial shrinkage strain (eaxial) 
forr the C-factor 0.5 was derived from the volumetric shrinkage strain 
(evoi)) by the conversion factor given in Table 3.1. 
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Figur ee 3.8 (a) Cross head displacement towards Clearfil F2 and (b) axial load on 
Clearfill F2 (n=1) at different cross head speeds (note different x scale). Mean axial 
displacementt derived from dilatometry data (n=3) is also incorporated (-) 

Thee test system was able to keep the cross head motionless when the load 
signall  was within . A disadvantage of this low threshold value 
inn the load signal was that noise in the load signal triggered the 
computerr to activate the cross head movement. As a result, a small 
loadd signal was induced due to the movement of the load cell weight. At 
thiss stage of setting, the specimen (C-factor=0.5) was too fluid to balance 
thiss small load and, as a consequence, the cross head moves either away 
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orr towards the specimen at the pre-adjusted cross speed (Fig. 3.9). It was 
upp to the gel point of Clearfil F2, approximately 3 minutes after mixing, 
thatt the composite achieved the required stiffness to overcome the 
elasticc resistance of the load cell. From this point in time on, the software 
wass able to regulate the cross head movement correctly on basis of the 
forcess acting on the load cell. 
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Figur ee 3.9 Derivatives of axial displacement towards Clearfil F2 at different 
crosss head speeds (n=1). Derivative of mean axial displacement derived from 
dilatometryy data (n=3) is also incorporated (-). 

Inn cases where the cross head speed was set too low (8-16 ^m/min), the 
crosss head was not able to follow the rapid composite shrinkage; i.e., to 
zeroo the shrinkage force. Figure 3.8 shows that the large influence of the 
crosss head speed on the recorded axial displacement made this test 
systemm not suitable for axial shrinkage strain determinations for dental 
restorativee materials with low C-factor. Implementing a second feedback 
loopp for the load signal in the application software would make the 
testt system far better for axial shrinkage strain measurements, because 
thee cross head movement could then be controlled accurately. The 
currentt feedback loop on the deformation signal (Fig. 3.5) was 
insufficientt for accurate load control on the specimen, because the 
feedbackk loop software was not geared to the rapid stiffness change of 
thee material during setting. 

Inn mercury dilatometry, the flow ability of materials has less influence on 
thee shrinkage strain results, because the driving force behind the 
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transducerr displacement is not regulated by an external device, but by 
thee specimen itself. An attendant advantage of this free shrinkage 
measurementt method is that the displacement transducer was activated 
byy a few mill i Newtons, and therefore offers to measure the total (pre-
andd post-gel) shrinkage strain. A disadvantage of dilatometry is that 
higherr amounts of composite (200-300 mg) are required than in the test 
systemm (100-200 mg). As a result, the polymerization reaction wil l 
proceedss slightly faster due to higher temperature of the specimen as 
moree heat wil l be released from the exothermic setting specimen. 

§§ The study of Feilzer and co-workers showed that composites exhibit a 
^^ different shrinkage behavior under bonded condition [38]. Composite 
»» shrinkage under free (dilatometry) condition is equally distributed in 

"555 three d imensions, whereas under bonded (dynamic test) condit ion it 
oo becomes more directed towards the bonding sites. An increase of the Ce-

faclorr (i.e., when the composite layer is decreased), the vo lumetr ic 
cc shrinkage is gradual ly converted into the axial direction. The conversion 

factorss in Table 3.1 prov ide us to calculate a reliable est imate of the 
shrinkagee behavior under bonded condition from dilatometry results. In 

§  the course of this research project, the axial shr inkage strain data of 
den tall  res in compos i tes was de te rm ined ind i rect ly w i t h mercury 

PVJJ d i la tometry by the conversion factors provided by Feilzer et al. (Table 
0 33 3.1). 

Dynamicc test: pulse sinusoidal strain cycles 

Thee dynamic behavior of resin composites during setting is of 
interest,, because it provide us additional information, especially in the 
remainderr of the setting process, were the polymerization rate is low. In 
thiss study, a pulse cycle experiment was performed on a chemically 
activatedd resin composite during setting. Freshly mixed Clearfil F2 was 
insertedd into the paper matrix (d=5.4 mm), and after setting the disk-to-
diskk distance (h) at a pre-adjusted value of 5.0 mm (C=0.5), the 
experimentt on the Hounsfield machine was started. 

Thee experiment consisted of periodically cycling the cross head sinu-
soidall  around the specimen height with a maximum displacement of 2 
jivsxjivsx (0.04 % strain). In the periods between the cycles (hold periods), the 
crosss head continuously followed the axial shrinkage of the specimen, 
i.e.,i.e., kept the load signal at zero. The motor-controlled cross head speeds 
inn the hold and cycle periods were 20 and 40 j /m/min respectively. 
Duringg the experiment, the data were collected simultaneously by the 
computerr (software version 3.11) at a data rate of 18 points per second. 
Thee extensometer was set at the range of 200 /^m. 
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AA control experiment was performed with a steel specimen (d=2.5 mm, 
h=300 mm), which was clamped directly between the cross head and 
basee of the testing machine (Fig. 3.6). The maximum axial deformation 
appliedd in compression and tension was 1 fim (=0.0033 % strain). This 
hadd to be smaller than the deformation of the composites, due to the high 
Young'ss modulus of steel. The deformations were applied around a 
tensionn load of 50 Newton to exclude the risk of bending of the steel 
specimenn during compression. Except for the control (n=l), all experi-
mentss were repeated three times and were performed at room 
temperaturee 1 °C). One hour after the start of the experiment, the 
restorativee material was subjected to tensile loading with a cross head 
speedd of 160 /jm/min until fracture. 

Thee strain produced from periodically cycling was isolated from the 
displacementt using: 

MMcvclecvcle-Ah-Ahslart slart 
££ = :  ( 3 . 3) 

inn which h0 is the initial specimen height (m), Ahcyc]e the cross head 
displacementt during a cycle (m), and Ahstart the cross head displacement 
att the start of a cycle (m). The normal stress on the specimen was 
calculatedd by Equation (3.1). 

Thee sign convention for data generated by dynamic tests is stated in the 
followingg manner. For the cross head movement away from the specimen 
thee load and deformation signal are positive. For the cross head move-
mentt towards the specimen the load and deformation signal are 
negative.. By way of exception, the cross head movement towards the 
specimenn due to shrinkage; i.e., keeping zero load on specimen, the 
deformationn signal is stated positive. 

Ann important prerequisite for the performance of deformation cycles in 
thee submicrometer range is the elimination of the play in the machine, 

Tabl ee 3.2 Tensile loading properties of Clearfil F2 at a 60-minute setting 
(meann - SD). 

Materia ll  propert y 

Young'ss modulus (GPa) 

Tensilee strength (MPa) 

Withh cyclin g  a (n=5) Withou t cyclin g  b (n=3) 

10.00 (0.5) 10.0 (0.6) 

34.7(2.6)) 36.8(3.1) 

aa Section: Dynamic test: pulse sinusoidal cycles 
bb Section: Static test: axial shrinkage strain development 
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sincee it reverses from compression to tension or vice versa. The 
modificationss carried out on the Hounsfield machine used in this study 
appearedd adequate on the basis of the results with the control 
specimen.. These showed a near-perfect sine pattern for the cross head 
displacementt during a complete deformation cycle, indicating that the 
playy in the machine had been eliminated. 
Anotherr important requirement is that the deformations applied on 
thee restorative materials do not negatively influence the structural 
integrityy during setting. A strain of < 0.04 %, as chosen in this study, 
satisfiedd this requirement [40]. The Student's t- test with pooled variance 
(p<0.05)) demonstrated that the tensile strength of the resin composite, 
whichh was subjected to deformation cycles during setting, was similar to 
experimentss where no cycles were used (Table 3.2). This gives the exper-
imenterr the opportunity to perform additional tests on the polymerized 
specimenn in the testing machine. 
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AA survey of the data recorded during the initial 10 minutes of the setting 
processs is given in Figure 3.10a for the resin composite. The figure 
il lustratess the applied deformation cycles superimposed on the 
shrinkagee curve (left y-axis), and the resulting load response (right y-
axis)) of the material. Although the cross head displacement towards the 
compositee results from axial shrinkage, it was not the same as the actual 
axiall  shrinkage of the composite. 
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F igur ee 3.10 Data co l lec ted in pulse s inuso ida l de fo rmat ion exper iment with 
Clearf i ll F2. For c lar i ty , only data for the f i rst 25 minutes of the set t ing process 
iss shown . 
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Ass stated in the previous section, part of the shrinkage may not be 
registeredd correctly at the very start of the experiment, when the 
compositee is still too fluid to "regulate" the cross head, and the recorded 
displacementt depend heavily on the pre-adjusted cross head speed 
(Fig.. 3.8a). 

Thee shape of the stress-strain curve obtained at several sinusoidal 
pulsess resembles a hysteresis loop for the resin composite, and a straight 
linee for the control specimen (Fig. 3.11). The straight line of the stress-
strainn curve for steel is due to pure elastic behavior. Hysteresis loops 
resultt when the load response is time-dependent. This still seems to 
bee the case for Clearfil F2 at a 14-minute setting, the point at which 
curvee 4) was recorded. The hysteresis area in the stress-strain curve is a 
measuree of energy loss from the composite during cyclic deformation. 
Thiss energy dissipation is probably due to the viscoelastic behavior of 
thee composite rather than to any response time of the motor-driven 
testingg machine or the electronic parts in the data-acquisition console. 
Dynamicc tests in our laboratory revealed that RC-filters in the elec-
tronicss of the test system started to influence the stress-strain data 
whenn sinusoidal cycles with amplitude of 1.0 pirn and frequencies higher 
thann 1.0 Hz were applied to the steel specimen. 

Figur ee 3.11 Stress-strain curves for Clearfil F2 under sinusoidal pulses at 1) 
306,, 2) 448, 3) 658, and 4) 872 seconds setting (Fig. 3.10). The stress-strain 
curvee for the steel specimen is also incorporated. 
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Thee slope of the line from the origin to the point of maximum strain in 
thee curve is a measure of the elastic component (Young's modulus) of the 
viscoelasticc composite. As expected, the stiffness of the setting composite 
increasess with time. Generally, it is often found that values measured in 
compressionn are somewhat higher than those measured in tension due to 
thee presence of filler and imperfections (flaws and microcracks) in the 
specimenn [4]. The Student's t- test with pooled variance (p<0.05) 
demonstratedd that the values of Young's modulus calculated in the 
tensionn phase of the stress-strain curve were similar to the Young's 
moduluss values calculated in the compression phases (Fig. 3.12). 
Obviously,, the amplitude of the applied deformation was small enough 
too exclude the risk of higher Young's modulus values in compression 
phase. . 

Thee accuracy of the test system was tested with a steel specimen. The 
slopee of the stress-strain curve of steel calculated in this study 4 
GPa)) is in agreement with the value 0 GPa given in reference 
bookss [30]. 

AA drawback of this pulse method, wherein between cycling the axial 
shrinkagee displacement of the specimen is followed by the cross head, is 
thatt the shrinkage strain curve is incorporated in each individual 
deformationn cycle. Although Equation (3.3) largely diminish the 
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Figur ee 3.12 Young s modulus development of Clearfil F2 calculated from the 
tensionn and compression phase in the isolated stress-strain cycles (Fig. 3.11). 
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shrinkagee contribution in the isolated strain cycle, the second part of the 
cyclee still contains a shrinkage contribution, because shrinkage does not 
stopp at the beginning of the cycle (Ahstart), but still proceeds. Especially 
inn the early stage of setting, where the shrinkage development proceeds 
rapidly,, the isolated strain cycle deviates dramatically from a symmet-
ricall  sinusoidal function. For modeling stress-strain data, the latter 
formm of deformation is preferred, because this would greatly reduce 
thee computational effort and accuracy of the modeling procedure as 
thee model's equation could then be solved analytically (appendix A). 
Nextt section shows that analytically shaped sinusoidal cycles throughout 
thee setting process can be obtained by performing oscillatory sinu-
soidall  cycles around a constant specimen height. 

Dynamicc test: oscillatory sinusoidal strain cycles 

Forr modeling the mechanical behavior of resin composites during 
setting,, the material parameters associated with the model were assumed 
too be constant with time. Since setting of composites is a dynamic 
process,, wherein its structure changes from soft to hard, this assumption 
holdss only when the time span of the isolated stress intervals applied to 
thee modeling procedure (Fig. 4.3) was kept small with respect to the rate 
off  polymerization reaction. Present-day light-activated dimethacrylate 
compositess change rapidly from soft to hard in the setting process. 
Therefore,, for generating stress-strain data on light-activated 
composites,, the deformation cycles must be kept small; i.e., time intervals 
off  1 s or less. Smaller deformation cycles require higher acquisition 
ratess for the stress-strain data in order to obtain enough data points for 
thee modeling procedure (Fig. 4.3). In this study, an oscillatory test 
methodd was performed on Z100 to evaluate if the test system was able to 
generatee analytically shaped sinusoidal cycles on fast setting composites. 

Afterr insertion of the light-activated composite into the Teflon mold 
(d=3.11 mm), the cross head was lowered until the extensometer 
displayedd the pre-adjusted distance between the upper steel disk and 
lowerr glass plate (h) of 1.60 mm, creating a specimen geometry with C-
factor=1.0.. The test method was programmed to perform two frequencies 
withh amplitude of 1.00+0.01 }im (0.0625 % strain). First, a frequency of 1.0 
Hzz was applied for 50 seconds on the fast setting composite, followed by 
aa frequency of 0.1 Hz for the time period of one hour. After the period of 
oscillatoryy cycling, the cross head moved towards the composite in a 
prescribedd time period of 200 seconds to relief the shrinkage load, 
followedd by a period wherein the load signal was maintained zero for 



1000 seconds. Finally, the composite was subjected to tensile loading 
(1200 ^m/min) until fracture. 
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Thee light irradiation process (Elipar Highlight, standard mode, ESPE) 
wass measured with a light sensor device at the level of the specimen. The 
distancee between the light exit tip (0=8.95 cm) was equal to the thickness 
off  the glass plate (4 mm). During the measurement, the data were 
collectedd simultaneously by the computer (software version 3.14), via a 
dataa acquisition console, at a rate of 100 points (1.0 Hz period) and 18 
pointss (0.1 Hz period) per second respectively. The experiments were 
startedd 5 seconds prior to the light irradiation process and were repeated 
threee times at room temperature 1 °C) on the ACTAIntense. The 
oscillatoryy deformation was measured with the extensometer (CAH 
Card,, Dimed) in the range of 20 p . 
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F igur ee 3.13 (a) Strain and (b) stress data of Z100 (C-factor=1.0) col lected with 
aa dynamic osc i l la tory test . The signal of the l ight sensor , wh ich measured the 
ini t iat ionn and durat ion of the light act ivat ion process, is given in arbi trary uni ts. 
Thee (c) shr inkage stress and (d) dynamic stress response were isolated from (b) 
exper imenta ll stress data via FFT smoothing and substract ion (b-c) respectively. 
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Despitee the rapid increase of the composite's stiffness, the test system 
wass able to generate analytically shaped sinusoidal deformation cycles 
(Fig.. 3.13a). In the light irradiation period, the amplitude of the strain 
wass fractional higher than the preset value (0.0625 %), because the feed-
backk system compensated the cross head movement on the fast setting 
specimenn too much. The higher strain amplitude did not, however, 
leadd to errors in the modeling results, because not the preset, but the 
measuredd sinusoidal strain function was utilized in the modeling 
procedure. . 

Lightt irradiation of Z100 was initiated after at least four oscillatory 
strainn cycles were applied on Z100, because laboratory tests on a control 
specimenn revealed that an experimentally applied sinusoid, which has 
aa starting point, converges within four cycles to a mathematical sinusoid, 
whichh has no beginning or end (see next section). 

Thee advantage of performing oscillatory sinusoidal deformations around 
aa constant specimen height is that the oscillatory stress response is 
superimposedd on the shrinkage stress curve. These stresses of different 
originn can be isolated from each other with the Fast Fourier Transform 
(FFT)) smoothing procedure in Origin (version 5.0, Microcal). Analysis of 
thee oscillatory stress-strain (Fig 3.13a+d) directly, resulting in the 
storagee modulus (E') and the loss modulus (E"), provides valuable 
additionall  information for the research on the viscoelastic behavior of 
dentall  restorative materials during setting [41]. 

Exper imentall  data 

Sinusoidall  deformation data 

Applyingg a sinusoidal shaped deformation on setting composites 
wil ll  enhance the accuracy of modeling the mechanical behavior of 
composites,, because the differential equations for the different models 
cann then be solved analytically (appendix A). In this study, an oscillatory 
deformationn was applied to a control specimen to investigate the sine 
developmentt with time. 

AA steel specimen (d=2.5 mm, h=3.5 cm) was clamped between the cross 
headd and base of the ACTAIntense (Fig. 3.6). The sinusoidal deformation 
(frequencyy 1.0 Hz, amplitude 1.0 ^m) was applied around a tensile load 
off  50 Newton to avoid bending of the specimen in the compression 
phasee of the sine. During the experiment, the data were collected 
simultaneouslyy by the computer (software version 3.14), via a data 



acquisitionn console, at a rate of 100 points per second. The oscillatory 
deformationn was measured with the extensometer (CAH Card, Dimed) 
inn the range of 20 jim. 
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AA mathematical sine function has no beginning or end. In practice, 
however,, an experimentally applied sinusoid must have a starting 
point.. As can be seen in Figure 3.14, at least two sine cycles were needed 
beforee the cross head was able to reach this mathematically level of 
oscillations.. From this point on, the correlation between the 
experimentall  and mathematical sinusoid is good. In future oscillatory 
tests,, the applied sinusoids were considered mathematically after four 
cycless (discrepancy < 1.5 %). 
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Figur ee 3.15 (a) (—) Cubic spline fit on (-> exper imenta l load data. ( D ) Speci f ic 
loadd va lues in the curve are chosen with spl ine in terpo la t ion, (b) The noise in 
thee recorded load s ignal and cubic spl ine fit was ca lcu lated by subst rac t ion of 
thee mathemat ica l s inusoid f rom load response and cubic spl ine fit respect ively. 
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Cubicc sp l ine in te rpo la t ion on load data 

Too estimate the model parameters, the model 's response was matched 
ass close as possible to experimental stress by the use of a least-square 
methodd (Fig. 4.3). The disadvantage of the least-square method is that in 
presencee of measurement noise, the model parameter est imates wil l be 
biasedd [42]. Figure 3.15b shows that noise in the load response is white 
noisee [43]. One possibil i ty to reduce the bias is to employ cubic spl ines 
interpolat ion. . 

Cubicc spline interpolation is a useful numerical tool to reduce the noise 
inn the load data by construct ing a smooth curve through the measured 
loadd points (Fig. 3.15a). The noise in the cubic spline fit is substant ial 
lowerr (Fig. 3.15b), which enhanced the reliability of the model parameter 
estimatess in the model ing procedure. An addit ional advantage of using 
cubicc spl ines is that the ind iv idual data po in ts in the curve can be 
selectedd independent ly from the original dataset. The best cubic spline 
interpolat ionn results were obtained when the t ime span between the 
selectedd points in the fit was longer than the sampled data points in the 
or ig inall  da taset. Al l cubic spl ine in terpo la t ion opera t ions were 
per formedd on a desk top computer, us ing Mat lab (vers ion 5.3, 
MathWorks). . 

Conclus ionss and recommendat ions 

Theree was a clear need for a mechanical test method which generates 
reliablee quantitative data on the mechanical behavior of dental restorative 
materialss during setting. The test system developed as part of this research 
projectt meets these requirements. The test system is capable of performing 
variouss static and dynamic experiments which provide a sound basis for 
researchh aimed at gaining a better understanding of the mechanical behavior 
off  dental restorative material during the setting process. The test system was 
nott capable of producing a reliable measurement of axial shrinkage-strain 
data.. This property was determined indirectly by mercury dilatometry. In 
futuree research, reliable axial shrinkage strain data can be obtained by 
usingg the load signal in a feedback loop for the crosshead movement. In 
addition,, the implementation of an optical device in the specimen mounting 
devicee would make it possible to measure the lateral shrinkage strain of the 
specimenn during setting, and to calculate the Poisson's ratio of the material. 
Alternatively,, the Poisson's ratio could be determined by performing 
additionall  shear loading tests on setting materials. To obtain reliable shear 
stress-strainn data on shrinking restorative materials, the rotational test 
devicee should meet the requirements set for dynamic testing in a tension-
compressionn direction. 
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